I. Introduction
A l2O 3 -Fe 2 O 3 -mono and -tri phases (AFm and AFt, respectively), both of which are among the hydration products of ordinary portland cement binders, have significant impact on setting, 1 early-age strength gain, 2 and longer term performance properties such as external sulfate resistance [3] [4] [5] and ability to bind radionuclides. 6 This importance has led to the publication of experimental and theoretical investigations of the stability of these phases, which is a central factor governing their abundance in cementitious binders.
The literature on stability of AFm phases is complicated by the wide range of compositions and structural variants, and by the evident sensitivity of measurements to phase synthesis procedures and laboratory conditions. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] Just to take the example of calcium monosulfoaluminate, an AFm phase saturated with respect to sulfate anions, and hereafter called simply monosulfate, Damidot et al. [11] [12] [13] calculated that it is metastable with respect to a mixture of hydrogarnet and ettringite at temperatures below 50°C. In contrast, Albert et al. 15 reported that monosulfate is stabilized if the activity of water is less than unity, which it is for any solution other than pure water. More recently, using higher values of hydrogarnet's solubility product, Matschei et al. 16 calculated monosulfate to be stable at temperatures above 5°C.
Glasser 14 has shown that experimentally determining the thermodynamic stability conditions in aqueous calcium sulfoaluminate systems is problematic because of (1) difficulties in preventing progressive carbonation; (2) challenges in characterization of the solid phases, which often are poorly ordered and can have variable composition; and (3) the tendency toward water loss by the higher hydrates during their characterization. Thermodynamic calculations provide a way to predict equilibrium states and relative phase stability in these multicomponent systems, and the power of this line of inquiry for cementitious system has been aided tremendously both by meticulous experimental measurement of thermodynamic properties [16] [17] [18] [19] and by improvements in numerical methods. 20, 21 Several computer software packages are available for calculating thermodynamic equilibrium states in multicomponent systems. All of them are based on one of two approaches. The great majority of them use the solution of the coupled nonlinear equations directly minimizing the mass balance residuals, derived from the law of mass action (LMA). Software packages based on LMA include WATEQ, 22 MINEQL, 23 PHREEQC, 24 PHRQPITZ, 25 and CHESS. 26 Less common, but more general, are models based on the principle of direct Gibbs energy minimization (GEM) subject to mathematical constraints on the total composition, temperature, and hydrostatic pressure, 19 ,21,27-29 which simultaneously enforce the mass balance. Software packages that use the latter approach include GEM-Selektor 21 and the OLI a,b AQ model. 30 LMA approaches have been used in several studies of the Ca-Al-S-O-H system. 12, 15, 31 But LMA algorithms typically have limited ability to solve problems involving partitioning among multiple phases that each may have variable composition because such algorithms usually must assume fixed compositions of all phases other than the aqueous solution. Lippmann diagrams 32 can be used to estimate activities or mole fractions of binary solid solution end-members in equilibrium with the aqueous solution, 33 and unified theory of solid solution solubilities can also be used for multicomponent solid mixtures, 34 inefficient for nonideal solid solutions because the equilibrium mole fractions and activity coefficients of the end-members must be known in advance. Moreover, this limitation is especially relevant to cementitious systems because several of the possible solid phases, including AFt and AFm, are known to have variable compositions that can be modeled as nonideal solid solutions. GEM methods, on the other hand, automatically partition the equilibrium mole fractions of each component among multiple nonideal solid solutions, and are therefore attractive for analyzing the multiple potential solid solutions that may form in the Ca-Al-S-O-H system.
In this article, GEM-Selektor software (Paul Scherrer Institut, Villigen, Switzerland), 21 using the Nagra-PSI thermodynamic database, 35 is used to study the stability of AFm and AFt phases in a simple Ca-Al-S-O-H system. The GEM calculations are compared to experimental measurements and GEM calculations in the recent literature 16, 17, 36 and to earlier LMA calculations by Damidot and Glasser. 12, 13 
II. Thermodynamic Calculations
Our calculations are performed using the GEM-Selektor software, 21 which implements the GEM-IPM calculation method. The numerical approach is described elsewhere, 20, 37 so only a sketch will be provided here. It is worth emphasizing that any numerical method that minimizes Gibbs energy should be able to reproduce the results of this article if the same thermodynamic property input data are used.
A GEM calculation is initiated by specifying the total moles of each chemical element, collectively designated as independent components (ICs). Dependent chemical components (DCs) are those solids and dissolved components, made from one or more ICs, which have fixed composition and known Gibbs energy of formation. Thermodynamic phases are composed of one or more DCs. Minimization of the Gibbs energy at fixed temperature, hydrostatic pressure, and IC mole numbers determines the equilibrium concentrations of DCs and their distribution in phases. The molar Gibbs energy is
where x j,k and l j,k are the mole fraction and chemical potential, respectively, of the j-th DC in the k-th phase. In the absence of charged surface complexes, the chemical potential of a DC in a particular phase is given by
where l j is the standard chemical potential of the j-th DC, which depends on temperature (T) and pressure (P), and, and c j,k and c j,k are the molal activity coefficient and the molal concentration, respectively, of the DC component j in phase k.
The interior points method (IPM) calculates the equilibrium components x j,k and l j,k of the speciation vector and chemical potential vector. The minimization algorithm is based on satisfying the Karpov-Kuhn-Tucker conditions, 38 which are necessary and sufficient for the Gibbs energy in Eq. (1) to be a minimum.
The calculations just described require input of the standard molar Gibbs energies of each DC component and an activity model for the DC components in various condensed phases. These thermodynamic data were taken from the internally consistent Nagra/PSI thermodynamic data set. 35 Additional solids that are not included in the Nagra/PSI data set, but which nevertheless are expected to form in cementitious systems, are taken from compilations given by Lothenbach et al. 28 and Matschei et al. 16 that were developed to be consistent with the Nagra data set.
One of the significant improvements of GEM calculations that have been made since the LMA studies published earlier 12,13 is a more thorough accounting of DC solute components and their influence on the Gibbs energy. Thermodynamic data for a wide range of solute components are available in the Nagra-PSI database. Molal activity coefficients c i for individual aqueous species are calculated using the extended Debye-H€ uckel equation 35 :
where A and B are (T,P)-dependent coefficients, z i is the species charge, I is the molal ionic strength, a = 3.72 A is the common Kielland ion-size parameter, and b = 0.064 is the common third parameter for background electrolyte at 25°C. The solution speciation reactions and equilibrium constants are provided in Table I .
(1) Solid Solutions for AFm and AFt Phases The family of AFm phases are structurally related and have the general chemical formula Ca 2 (Al,Fe)(OH) 6 ÁXÁxH 2 O, where X represents a monovalent ion or half a divalent anion, most commonly sulfate or carbonate. 39 The basic structures of AFm phases have been determined and recently refined for several subtypes. [40] [41] [42] [43] Due to the charge imbalance caused by the replacement of divalent ions in the structure by trivalent ions, anions such as hydroxide, sulfate, and carbonate enter the layers forming OH-AFm phase, SO 4 -AFm phase (i.e., monosulfate), and hemi-or monocarboaluminate. Published studies differ on the existence and extent of solid solution between OH-AFm and SO 4 -AFm phases. Either 17 This study models these nonstoichiometric AFm and AFt phases as regular solid solutions with thermodynamic properties provided in the cemdata07 supplement database for cementitious phases. 16 The end-members used for each solid solution phase are shown in Table III . The composition and solubility products of all the possible phases, including AFm and AFt end-members, are listed in Table II . However, the only stable phases found within the range of global compositions we tested are hydrogarnet, gibbsite, AFm phase with end-members monosulfate and C 4 AH 13 , AFt, portlandite, gypsum, and syngenite. In almost all of the calculations, because iron is absent from the system, AFt is pure ettringite; the only exception is when carbonates are added to the system, in which case AFt is a solid solution, still consisting almost entirely of the ettringite end-member but with a small fraction of the tricarboaluminate end-member. For this reason, we will hereafter sometimes use the terms AFt and ettringite interchangeably.
III. Results and Discussion
A phase diagram representation of the Ca-Al-S-O-H system at 25°C is shown as a projection onto the Ca-Al-S composition subspace in Fig. 1 .
The diagram was constructed by calculating equilibrium states for 240 different sets of elemental molar compositions {n Ca , n Al , n S , n O , n H }, with the following constraints placed on {n O } and {n H }:
These constraints mimic the process of adding aluminum as Al(OH) 3 , sulfur as CaSO 4 , and any additional calcium as Ca(OH) 2 to 1 kg of water.
When line segments are interpolated between pairs of points, a 3D figure is formed that rests on the Ca-Al plane. The Ca-Al-S-O-H system has five components, so Gibbs' phase rule indicates that up to seven phases can coexist at equilibrium in this system. Ordinarily, points in composition space where the maximum possible number of phases (n) are in mutual equilibrium are called "invariant points" because the composition cannot be varied in any way without destroying that equilibrium among those n phases. When the entire composition space can be visualized, invariant points correspond geometrically to vertices at the intersection of one-dimensional curves. Similarly, nÀ1 phases coexist along one-dimensional boundaries, nÀ2 phases coexist at 2D surfaces, and so on. However, when more than three components are present, phase diagrams generally must be rendered as projections of the composition space onto a 2D or 3D subspace. This projection necessarily breaks the geometrical correspondence just described. Thus, in Fig. 1 , for example, the boundary curves can alternately correspond to coexistence of either one or two solid phases with the aqueous solution, and vertices can alternately correspond to coexistence of either two or three solid phases in equilibrium with the solution. The 2D regions forming the surface of the figure define the range of solution compositions for which a single solid phase is in stable equilibrium with the aqueous solution. The 1D boundaries separating these phase stability surfaces define the set of compositions for which two solid phases coexist in equilibrium with the solution, and the vertices at which these boundaries meet are points at which two or three solid phases coexist in equilibrium with the solution. Figure 1 is similar in most respects to prior constructions for this system, 8, 12, 45 except that Fig. 1 has a narrow AFm region that separates the stability surfaces for AFt (labeled ettringite in the figure) and hydrogarnet. This AFm phase also is a nonideal solid solution of monosulfate and C 4 AH 13 , shown in Table III . Its composition is weighted heavily toward the monosulfate end-member along all the four boundaries of its stability surface. More specifically, on a mass basis AFm contains 2.2% C 4 AH 13 at its triple point with ettringite and gibbsite, 7.4% at its triple point with hydrogarnet and gibbsite, 10.1% at its triple point with ettringite and portlandite, and 21.2% at its triple point with portlandite and hydrogarnet. The existence and compositions of these solid solution phases are based on the thermodynamic data and solid solution models described in the work of Matschei et al. 16 A more recent review article 35 shows stable coexistence of ettringite and hydrogarnet along a twophase boundary curve at 25°C (see Fig. 3 in Ref. [36] ). In contrast, Fig. 8 of the same article 36 shows that the stable regions of monosulfate and several OH-AFm phases appear 
in the same part of the phase diagram only if hydrogarnet is excluded as a possible phase for kinetic reasons at the same temperature. For these reasons, we investigate the influence of hydrogarnet solubility on the predicted phase diagram in Section III(3). Table IV shows the calculated elemental composition of the aqueous solution at vertices in Fig. 1 where two or three solid phases coexist in equilibrium with the solution, also showing those points calculated in an earlier study 12 for comparison. To facilitate that comparison, the ionic concentrations are all given in units of mmol/L of solution.
[Ca], [Al] , and [S] represent the sum of concentrations of all the aqueous species containing Ca, Al, or S, respectively. Most of the equilibrium compositions are similar, in absolute terms, to those calculated earlier. 12 In no instance does the elemental concentration of Ca, Al, or S differ by more than 2.9 mmol/ L, although for Al and S, the relative differences between the two studies can be quite large when the concentrations are very low (e.g., the invariant point corresponding to equilibrium with ettringite, portlandite, and gypsum). The hydroxyl concentration, which is quite sensitive to speciation, shows more variation between the two studies, with the difference being typically about 5 mmol/L. This latter observation is not too surprising in light of refinements in measured thermodynamic properties that have been made and incorporated into the Nagra/PSI database since the earlier study 12 was performed.
(1) Influence of Alkali Species on AFt Stability Besides the 240 equilibrium states calculated to construct the phase diagram in Fig. 1 , approximately 1000 additional calculations were made for systems also spiked with Na or K at concentrations of (20, 200 , or 500) mmol/kg. These calculations do not consider incorporation of alkali cations or hydroxyl anions as dissolved impurities within any solid phase, which could occur by ion exchange or surface adsorption, because the necessary solid solution models or sorption isotherms are not available for these phases. Figure 2 shows the influence of [Na] on the AFt stability surface. The topology of the phase diagram remains unchanged with increasing concentrations. That is, no new stable phases are predicted, so the AFt stability region is still defined by its boundary with the surfaces of monosulfate, gypsum, gibbsite, and port- Fig. 2(a) ] and the S-Ca plane [ Fig. 2(b) ], from which these trends can be perceived more easily. The same trends also were observed in Ref. [11] in which the stability boundaries were estimated by interpolating line segments through pairs of vertices rather than by calculating equilibrium states at multiple compositions between them.
Very high sodium concentrations have been reported to promote the formation of a sodium-substituted AFm phase, called the "U phase". 46 This phase has been observed in cement-based systems 47 and synthesized in the laboratory, 46 but its thermodynamic properties remain poorly characterized and it is not included in the cemdata07 database. Furthermore, the extended Debye-H€ uckel model, Eq. (3), for molal activity coefficients of dissolved species is known to be less accurate at these higher ionic strengths. Therefore, the calculations of AFt (and AFm) stability at the highest alkali concentrations are more speculative and should be thoroughly tested by experiment. Such experiments potentially could have the added benefits of detecting solubility limits of alkali components in the hydrate phases and of furnishing thermodynamic properties of the U phase that could be incorporated into thermodynamic databases. The influence of potassium additions on the equilibrium surface of AFt is quite similar to that of sodium additions, as can be seen by comparing Fig. 2 for sodium with Fig. 3 for potassium. Figure 4 shows the equilibrium surfaces of AFt in both cases almost overlap with each other with only slight differences at low (20 mmol/kg) or moderate (200 mmol/kg) alkali content.
Syngenite becomes stable at the highest potassium concentration studied here, 500 mmol/kg, when [Ca] , [Al] , and [S] are also high. The stabilization of syngenite, reported previously by Bellmann, 48 introduces new boundary segments to the ettringite equilibrium surface, as shown in Fig. 5 . Similar to its counterpart at lower [K], the ettringite surface is bounded by portlandite, monosulfate, and gibbsite when [S] in the solution is low. At higher [S], ettringite can be simultaneously in equilibrium with both gibbsite and syngenite, with both gypsum and syngenite, or with both portlandite and syngenite, along three new boundary curves-the addition of potassium to the system enabling an additional solid phase to coexist along boundary curves by Gibbs' phase rule. The new boundary curves intersect at four-phase vertices. These differ modestly from those reported in Ref. [13] in which the equilibrium surface of syngenite at high sulfate concentrations are bounded by gypsum, ettringite, and gibbsite but not portlandite. This difference is likely due to differences in the underlying thermodynamic data used in the two studies; the Gibbs energies of dissociation used in this study are based on improved solubility measurements that have been made in the intervening years. 16, 19, 49 Another contribution to the departure of the current syngenite stability region from that found earlier is that the method used here does not permit the setting of individual aqueous ion concentrations in solution. Instead, the calculations performed here come closer to experimental reality by permitting only the total quantity of each element to be specified by the user, even for elements, like potassium, which will have one dominant aqueous component (K + ). Thus, as described earlier, the current calculations consider a wider range of aqueous species, the concentrations of which are determined solely by minimization of the global Gibbs energy. However, the prediction of syngenite agrees with the more recent study reported by Bellmann et al. 48 in terms of the sulfate concentration at which syngenite is in equilibrium with the solution. In our calculations, the lowest sulfate concentration at which syngenite appears is 188.415 mmol/kg, close to Bellmann's value d of 190.625 mmol/L at pH 12.92 and 12.98, respectively. 48 The equilibria of ettringite with other solid phases in the presence of potassium can be categorized in terms of three ranges of sulfate concentration, Figure 6 shows the influence of adding Na or K on the equilibrium surface of AFm solid solution. As described in the previous section, the alkali cation's effect is primarily to modify the ionic strength and, consequently, the activities of each aqueous solution component. Therefore, both monovalent alkali cations have almost the same effect on shifting the AFm stability surface toward lower calcium and higher sul- 4, 5, 10, 11, 50 which generates crystallization pressures in the interior pores and drives expansion of the material. The calculations made here imply that the transformation of sulfate-rich AFm to AFt can be favored both by an increase in sulfate concentration and by a simultaneous reduction in pH. A general trend, though not directly evident in Fig. 6 , is that increasing alkali concentration modestly reduces the proportion of the C 4 AH 13 endmember of the AFm solid solution.
(3) Influence of Hydrogarnet Solubility Figure 1 indicates that the stable region predicted for AFm is bounded by hydrogarnet and ettringite at lower and higher sulfur concentrations, respectively. The size of the stable AFm phase region is therefore dependent on the solubility of hydrogarnet and of ettringite. Reported values of log 10 K sp for ettringite, when expressed using the same dissolution reaction, vary within a narrow range very near the value of À44.9 used in the cemdata07 database.
16,51 However, reported values for hydrogarnet's solubility product, corresponding to the dissociation reaction
vary by more than two orders of magnitude, as shown in Table V , with the value used in this study lying between the extremes. One can check the sensitivity to hydrogarnet solubility of AFm phase stability region by varying hydrogarnet's assumed solubility product in the thermodynamic database, for example, in the range À22.46 ≤ log 10 K sp ≤ À19.5 as indicated in Table V . This is accomplished within the GEM model by assigning different values for the standard Gibbs energy for reaction (6) at 298 K according to ΔG° ÀRT ln K sp , where R is the ideal gas constant and T is the absolute temperature. Figure 7 shows how the position and size of the AFm stability region depends on K sp for hydrogarnet. In particular, its boundary contracts-and that of hydrogarnet expands-monotonically with decreasing hydrogarnet K sp . This happens exclusively by an upward shift in the boundary between hydrogarnet and AFm toward higher sulfur concentrations. As expected, the range of aluminum concentrations over which AFm is stable remains about the same because it depends only on the relative stability of AFm with respect to portlandite and gibbsite, not hydrogarnet. For the same reason, the phase boundary between AFm phase and ettringite, that is, the upper bound of sulfate concentration for AFm, also remains essentially fixed.
When log 10 K sp of hydrogarnet reaches the highest (i.e., most soluble) value used in our calculations, a new but narrow region appears on the AFm solid solution surface that extends down to low sulfate concentrations. This new region separates the hydrogarnet and portlandite regions; hydrogarnet with this high solubility cannot exist in equilibrium with portlandite. The new region of the AFm surface corresponds to a spinodal decomposition by which the homogeneous AFm solid solution, with monosulfate and C 4 AH 13 endmembers, separates into two solid solutions, both having those same two end-members, but with one being considerably enriched in C 4 AH 13 (97% C 4 AH 13 by mass). As expected, this miscibility gap for the AFm phase is consistent with solubility data reported in Fig. 4 of Ref. [17] occurring when SO 4 /(SO 4 + OH) = 0.5. Table VI lists the compositions of AFm solid solutions as a function of solubility of hydrogarnet. One can observe the significant increase in C 4 AH 13 within AFm as hydrogarnet becomes more soluble. Similar results are reported by Damidot et al., 36 in which C 4 AH 13 as well as other OH-AFm phases are predicted to become stable if hydrogarnet is excluded from consideration on the basis that it is not usually observed in early hydration products 36 and is rarely detected in cement paste at room temperature. 16 In this case, C 4 AH 13 should precipitate along with other OH-AFm phases as suggested by Fig. 7 .
The AFm solid solution phase is unstable if log 10 K sp ≤ À21.53 for hydrogarnet because AFm-hydrogarnet phase boundary coincides with the upper AFm-ettringite boundary, replacing the AFm surface with a new phase boundary between ettringite and hydrogarnet. At this point of instability, the new ettringite-hydrogarnet phase boundary is located exactly where the previous AFm-ettringite phase boundary had been. Further decreases in hydrogarnet solubility cause this phase boundary to be pushed to higher sulfur concentrations where formerly ettringite had been the only stable phase.
The calculated sensitivity of the stability of AFm on the solubility of hydrogarnet underscores the importance of accurate experimental data on the Gibbs energy of dissociation for hydrogarnet and other solid phases. Nevertheless, as shown here, thermodynamic calculations can provide insight about how these complex equilibria are quantitatively influenced by the uncertainty in such data, and can even furnish estimates of the maximum uncertainty that can be tolerated without qualitatively influencing the phase diagram.
(4) Influence of Carbonate on the pH Sensitivity of AFm and AFt
The addition of fine limestone to cement is increasingly common as it reduces the carbon footprint of cement. 36 Just as importantly, cementitious binders encounter carbonates by prolonged exposure to air, in which CO 2 is typically present at concentrations of about 400 parts per million (ppm). Therefore, depending on depth below the air surface, hydrated cement binders may incorporate a broad range of carbonate concentrations even if limestone is not added intentionally. Previous experimental observations and thermodynamic calculations have indicated that carbonates can prevent the transformation of AFt to sulfate-rich AFm during hydration, during which time the pH of the pore solution typically exceeds 13, by stabilizing calcium monocarboaluminate hydrate.
2,35,52-55 However, we found no information in the literature about how carbonates influence phase stability in lower pH pore solutions that are encountered in several forms of concrete degradation, such as leaching, sulfate attack, and carbonation itself. We now investigate this further by adding a carbonate source to the system and intentionally varying the pH with alkali additions.
Four systems were simulated, all having the same content of Al(OH) 3 (60 mmol/kg), Ca(OH) 2 (150 mmol/kg), and CaSO 4 (45 mmol/kg) but with CaCO 3 content of (0, 6, 10, or 18) mmol/kg. The solution pH in each system was adjusted by adding anywhere between 0 mmol/kg and 0.78 mmol/kg of Na 2 O to vary the pH from around 12 to 14, the typical range for pore solution of portland cement. The increased number of system components means that up to four solid phases can coexist with aqueous solution at equilibrium, so phase relations are more difficult to visualize with a 3D phase diagram. Therefore, we plot instead the solid phase mass contents as a function only of pH in Fig. 8 . The figure demonstrates not only the well-known fact that the amount of portlandite decreases steadily with decreasing pH-the basis of leaching phenomena-but also that the carbonate content has a significant influence on the pH ranges in which different AFm-type phases are stable. The phase assemblages shown in this figure generally agree with Fig. 1 in Ref. [56] when plotted in terms of CO 2 /Al 2 O 3 and SO 3 /Al 2 O 3 ratios. Calcite, which is normally observed to persist when added to cement paste, is not present in Fig. 8 because the maximum concentration of carbonates added is too low to achieve saturation with respect to calcite. Figure 8 shows that monocarbonate (that is, calcium monocarboaluminate hydrate) is the only stable AFm phase throughout the pH range studied, if sufficient carbonate is available for its formation [see Fig. 8(d) Although not shown explicitly in the figure, higher carbonate additions cause a small concentration of carbonate to be dissolved in the AFt solid solution. Beyond the increased carbonate content in AFt, Figure 8 also shows that the mass fraction of AFt increases considerably with the addition of carbonates to the system, especially at lower pH. This observation is consistent with previous reports. 2, 36, 52, 53 Taken together with Section III(1), these results provide additional clarity on the beneficial effects that have been reported on limestone additions to portland cement for enhancing sulfate resistance. 50 High alkali environments tend to stabilize monosulfate-based AFm relative to ettringite. Infiltration of hydrated cement by a low pH sulfate solution promotes the expansive conversion of sulfate-rich AFm to AFt because of both the higher sulfate availability and the lower pH environment. Addition of a soluble carbonate to portland cement favors both AFt and carbonate-based AFm over sulfate-based AFm, particularly in the low pH conditions caused by infiltration of sulfate solutions, and therefore reduces or eliminates the transformation of sulfate-rich AFm to AFt. Figure 8 suggests that greater carbonate additions would be required to promote the same degree of sulfate resistance at high pH. Typical limestone additions to portland cement, often 5% or more by mass, are more than sufficient to provide sulfate resistance even under the highest pH conditions examined here. However, as reported elsewhere, 50, 60 there is an upper limit to the limestone addition levels beyond which its dilution of the hydraulic components leads to higher capillary porosity during hydration and, consequently, greater susceptibility to deterioration by ingress of external solutions. Furthermore, the presence of limestone in concretes with excess sulfates raises the possibility of thaumasite formation. 50 Thaumasite formation is extremely deleterious to concrete properties, but the current calculations at 25°C do not consider thaumasite because it is usually not observed to form in significant amounts at temperatures exceeding 8°C, even when sufficient carbonates and sulfates are present. 50 
IV. Conclusion
GEM at constant temperature, pressure, and elemental composition, using an expanded and improved thermodynamic database for cementitious materials, has been used to revisit the predicted equilibria in the Ca-Al-S-O-H system. The new calculations take advantage of more comprehensive and accurate thermodynamic properties of solid cementitious phases and of ion complexes in solution that have been measured in recent years and made available through public databases. 16, 19, 35 We have focused on how the stabilities of AFm and AFt phases in the Ca-Al-S-O-H system depend on the presence of alkali or carbonate additions, because these factors are present in portland cement binder materials and because their effects on these phases has not received as much detailed attention in the modeling literature.
Not surprisingly, the size and shape of the stability region of sulfate-rich AFm is determined not only by the solubility products of its end-members, but also by the solubility products of adjacent solid phases in the phase diagram. The measured or assumed solubility product of hydrogarnet, in particular, has varied considerably in the literature, and the use of lower hydrogarnet solubility is the likely reason that monosulfate-based AFm is sometimes taken to be unstable.
Sodium and potassium additions can significantly increase the composition range over which sulfate-rich AFm is stable relative to AFt. Either Na or K shifts the equilibrium March 2016 AFm and AFt Phase Stabilitybetween AFt and AFm to higher sulfate and aluminate concentrations and to lower calcium concentrations. The stability region of sulfate-rich AFm is thereby enlarged as pH increases. Therefore, the expansive transformation from monosulfate to ettringite that characterizes external sulfate attack is exacerbated by ingress of sulfate solutions that displace alkali ions and lower the pH. CaCO 3 , which at low addition levels is known to increase the sulfate resistance of portland cement binders, has a large influence on the stability and pH sensitivity of AFm phases. Even small carbonate additions push the stability of sulfate-rich AFm to higher pH while favoring hemicarbonate or monocarbonate AFm phases at lower pH. And sufficiently high carbonate dosages (e.g., CO 3 /SO 4 > 0.4) effectively destabilize sulfate-rich AFm in favor of monocarbonate over the entire pH range relevant to portland cement systems.
These conclusions are based solely on GEM using the most accurate and comprehensive thermodynamic property database for cementitious mineral phases of which we are aware. However, the calculations involve several assumptions and so should be independently tested by experimental measurements, especially where those assumptions might be questionable. In particular, the predicted influence on AFm and AFt stability of alkali components at high concentrations, exceeding 200 mmol/kg, should be tested because of the possibility of alkali incorporation as dissolved solid solution components and the possible formation at high sodium concentrations of the U phase, both of which have been neglected here due to lack of the required solubility data. In addition, the pH-dependent stability limit of SO 4 -rich AFm at low carbonate concentrations deserves further experimental scrutiny, especially because of its relevance to positively affecting the sulfate resistance of cementitious binders, even in the absence of intentionally added limestone.
